Geomalacus maculosus Allman, 1843 is an EU-protected slug species which is only found in the west of Ireland and northern Iberia. There is little knowledge of its population sizes throughout its range and no long-term studies have been conducted to calculate estimates. Localized populations of G. maculosus and the sympatric slug Lehmannia marginata (Müller, 1774) were monitored over one year using the markrecapture approach at five different sites within a commercial conifer plantation in Ireland. Slugs were marked using visible-implant elastomers injected into the foot. Up to 23.9 /m 2 (G. maculosus) and 5.6 /m 2 (L. marginata) specimens were observed during the first survey in August; however, these densities varied greatly in different areas of the plantation and throughout the year. Population-size estimates were also calculated using the Jolly-Seber method. Temperature was significantly correlated with capture success, with fewer captures during the colder months. This is the first long-term study that uses visible-implant elastomers as markers for slugs and we evaluate their use, provide guidelines for trapping intensity, discuss limitations of the mark-recapture method and advise on the optimal survey time and conditions.
INTRODUCTION
The abundance of a species in its habitat depends on a variety of factors such as abiotic conditions or the presence/absence of food plants, prey and predators, as well as other species competing for the same resources. Knowing the population densities of a species within a range of sites can help to determine the key factors responsible for maintaining robust populations. This is especially important for the conservation of endangered and protected species, and finding a reliable protocol for determining population sizes is crucial for long-term monitoring. Direct counts are suitable for some species, but many organisms are easily overlooked (Greenwood, 1996) , making this an inadequate approach especially for small and very mobile animals. Trapping and subsequent mark-recapture techniques are likely to be more suited to these species and provide a continuous assessment of a population throughout a certain time period. However, mark-recapture studies are time intensive and their accuracy is based on a range of assumptions about the studied population (Krebs, 1999) .
The suitability of mark-recapture studies has been explored as a measure to provide population-size estimates for the red-listed terrestrial snail Prestonella bowkeri (Janks & Barker, 2013) , but research on slugs has usually focused on the population dynamics of ground-dwelling pest species (Grimm, Paill & Kaiser, 2000; Grimm & Paill, 2001; Ryser et al., 2011; Knop et al., 2013) . Only one study to date (Mc Donnell & Gormally, 2011a) has used this method to investigate mobility and population density of the EUprotected slug Geomalacus maculosus Allman, 1843. However, that study only covered periods of 2 and 3 months and consequently does not provide data on seasonal fluctuations in populations. Our study is the first year-long mark-recapture investigation undertaken for G. maculosus and the sympatric slug Lehmannia marginata (Müller, 1774) . This is essential for determining the influence of seasonality on trapping success and for finding the optimum time of the year for future monitoring of these species. It is also the first long-term study that uses visible-implant elastomers (Northwest Marine Technology, Shaw Island, WA, USA) on slugs and we evaluate the longevity and practicality of these markers. While visible-implant elastomers have previously been shown to be an effective marking method for slugs (Wallin & Latty, 2008; Mc Donnell & Gormally, 2011a) , they have never been tested for a period longer than 3 months.
Geomalacus maculosus is a Lusitanian slug species that only inhabits the West of Ireland and Northern Iberia. In Ireland this species has traditionally been found on tree trunks in deciduous, often oak-dominated woodland and on rock outcrops in blanket peatland or unimproved oligotrophic open moor in the southwest of Ireland (Platts & Speight, 1988; NPWS, 2010; Mc Donnell et al., 2013) . In Iberia, it is most frequently associated with montane forests and chestnut and oak groves, but is also found on stone walls and rocks near houses and gardens (Rodriguez et al., 1993; Castillejo, Garrido & Iglesias, 1994; Patrão et al., 2015) . Geomalacus maculosus feeds predominantly on lichens, liverworts, fungi and algae (Boycott & Oldham, 1930; Platts & Speight, 1988; Rodriguez et al., 1993; Speight, 1996; Reich et al., 2012) . Only recently has this species been recorded from commercial conifer plantations in Ireland (Kearney, 2010; Mc Donnell & Gormally, 2011a) , which was surprising given that this habitat would have previously been considered unsuitable for G. maculosus (NPWS, 2010) . Even more surprising was the recent discovery of the species in a commercial conifer plantation in western Ireland (Cloosh Forest) 200 km north of its previously known distribution (Kearney, 2010) . This brings into question the potential role of commercial forestry practices in aiding the spread G. maculosus in Ireland (Reich et al., 2015) . Given the inclusion of G. maculosus in Annex II and IV of the Habitats Directive, commercial forestry management practices in plantations where the species occurs must now take the protection of the species into account. With conifer plantations already accounting for over 90% of Ireland's forested area and commercial afforestation likely to increase in the future (Daff, 1996) , this is particularly important given that plantation forests, if managed properly, could serve as valuable habitats for the species. However, there is currently a dearth of information on the population densities of G. maculosus in its associated habitats including conifer plantations and the provision of these data is a crucial step in effectively conserving the species. This is critical in the context of climate change, because predicted temperature rises (Moreno et al., 2005) could threaten Iberian G. maculosus populations, whereas in Ireland the range of G. maculosus is likely to expand with predicted milder and wetter winters (Coll et al., 2012) .
Lehmannia marginata is frequently found in the same habitats as G. maculosus, inhabiting woodlands but also open areas, where it is found on stone walls or other rocky surfaces (Rowson et al., 2014) . In a survey of Irish conifer plantations from which G. maculosus was found to be absent, L. marginata was present at all sites and was usually the dominant slug species (Reich et al., 2012) . However, in certain parts of Cloosh Forest where G. maculosus is present, L. marginata abundances were less than those of G. maculosus (Reich et al., 2012) . This is interesting, as it is likely that G. maculosus was accidentally introduced to Ireland from Spain after the last glacial maximum (Reich et al., 2015) , raising the possibility that it could compete with 'native' slugs occupying a similar niche. Since L. marginata and G. maculosus both feed on bryophytes and lichens (Rowson et al., 2014) and shelter below bark or moss on tree trunks or rocks (Reich et al., 2012) , L. marginata was included in this study to investigate how the abundances of both species relate to each other.
The aims of the study were therefore: (1) to assess the suitability of the mark-recapture method using visible-implant elastomers and refuge traps for the two slug species; (2) to estimate population sizes of G. maculosus and L. marginata from a range of management compartments within a commercial conifer plantation using the Jolly-Seber method as well as simple counts; and (3) to relate capture success to seasonality and weather conditions.
MATERIAL AND METHODS

Study area
Our study area is located within Cloosh Forest, County Galway, in the west of Ireland (Fig. 1A) . This was the first conifer plantation from which Geomalacus maculosus was reported (Kearney, 2010) and to date its presence has only been confirmed in small areas of this 7,000 ha property, including the Lettercraffroe compartment (Kearney, 2010; Reich et al., 2012; Mc Donnell et al., 2013) , where this study was undertaken (Fig. 1B) . This compartment consists mostly of mature Picea sitchensis and Pinus contorta, planted on blanket peat mainly in the 1960s and 1970s (Coillte, 2009 ) and interspersed with clear-felled areas.
Experimental design
Our study was undertaken in two different periods between August 2012 and August 2014 during which five different sites were surveyed (Fig. 1B) . The first part of the study was used as a pilot to test the general methodology and was undertaken from August 2012 to July 2013 at site P1, located in a mature plantation plot. As the marking procedure and setup were successful (with sufficiently large numbers of G. maculosus specimens captured and recaptured to calculate reliable population-size estimates), the same methodology was used again from September 2013 until August 2014 at four additional sites, two of which (P2 and P3) were located within planted forestry (Fig. 1C) while two (C1 and C2) (Fig. 1C-E) were located in clear-felled areas (Table 1) . While the sites were close to each other, they differed in several ways: site P2 is located about 50 m inside the plantation and site P3 is located about 10 m inside a plot that is surrounded by paths on two sides and experiences higher light levels than site P2 (Supplementary Material S1) as the edge trees are missing outer branches. Since G. maculosus was discovered at site C1 prior to scheduled felling operations in summer 2011, forest managers conducted a partial clear-fell (Fig. 1C) at this site. This involved retaining 3-m high tree stumps in an attempt to mitigate the immediate negative impacts of conventional clear-felling on the species, i.e. felling trees at the base of the tree trunk and stripping off side branches. Site C2 is located in a conventional clear-fell in which trees were cut at the base in the standard fashion (Fig. 1E) . Apart from site C1, all other plots are representative and typical of the different areas of this plantation.
To quantify the differences between the plantation sites P1, P2 and P3, the circumference at breast height (CBH) and the thickness of the epiphyte layer were measured and overall bark structure as well as epiphyte cover were estimated at each tree (Supplementary Material S1). Bark structure was chosen as a measurement of the availability of crevices (shelter for the slugs) on the trunk and was divided into three categories (smooth, some cracks/flaking bark and many cracks/flaking bark). Epiphyte cover was measured as a percentage of the visible trunk (ground to 4 m height) that was covered with moss, lichen, liverworts, etc. and was also split into three categories (<30%; 30-60%; >60%), while the thickness of the epiphyte layer was measured with a ruler just above the ground and just above the traps (see below), averaged and assigned to one of three categories (<0.5, 0.5-1 and >1 cm) (Supplementary Material S1).
Setup and marking
Refuge traps (De Sangosse, Pont du Casse, France) were installed 2 weeks before the start of the survey and left in place for 1 year. The traps consist of a 50 × 50 cm 2 piece of absorbent material, covered with a reflective upper surface and with a perforated plastic underside and had been previously shown to be an effective method for catching G. maculosus (Mc Donnell & Gormally, 2011b) and L. marginata (Reich et al., 2012) . Nine adjacent trees that were standing in a rough square, measuring between 6 (site P3) and 50 m 2 (site P2), were chosen at each site and the refuge traps were installed on each tree, covering the entire circumference of the trunk at breast height (Fig. 1C) . Depending on the circumference of the trunk one to four traps per tree were used. In the conventional clear-fell, a single trap was nailed to the top of a tree stump ( Fig. 1F ) as these were covered with a denser layer of epiphytes than the sides of the stumps. To adjust for unequal tree circumferences within the sites, the population density estimate was calculated by dividing the population-size estimate by the area of the traps (i.e. tree circumference × 50 cm trap width) of all nine trees in every site. Traps were not baited to reduce possible 'trap-happiness' (i.e. describing animals which, encountering a trap once, are likely to return and be caught repeatedly). This would violate the assumption of mark-recapture models that the proportion of marked animals underneath the traps corresponds to the proportion of marked animals in the wild (Greenwood, 1996) (Pollock, 1982; Pollock et al., 1990 ) was used, consisting of primary and secondary periods. Overall, ten primary periods were chosen (one period per month), made up of five consecutive days as the secondary periods. On the first day of each sampling period, the number of slugs under each trap was recorded and the slugs were injected with a visible-implant elastomer just below the surface of the foot (Supplementary Material S2) using a 1-ml syringe. No anaesthetics were used on the slugs prior to injection as it was deemed too labour-intensive and unnecessary for these two species, since they did not move excessively during the procedure. To prolong the usability of the elastomer on a sampling day, we did not use the supplied curing agent (Mc Donnell & Gormally, 2011a) . Slugs were split up into three age categories: adults (>2.5 cm length), subadults (0.5-2.5 cm length) or juveniles (<0.5 cm length). The division between adults and subadults follows Oldham (1942) , who reported that G. maculosus reaches maturity at a length of about 2.6 cm at rest (not stretched out).
The subdivision between subadults and juveniles was adopted as specimens <0.5 cm were too small to be marked effectively. However, they were still counted to compare the seasonality of occurrence of juveniles for each species over the year. The same subdivisions were used for L. marginata as no information was found in the literature regarding body size and maturity of this species. Tags were checked to ensure they were clearly visible and, if necessary, additional dye was injected before the slugs were replaced underneath the trap from which they had been taken. This study did not require identification of individual slugs by their tag; however, the movement of elastomers within the foot of the slug could present difficulties if this is an intended future use of the tags. On the subsequent four days, marked and unmarked slugs were counted separately and unmarked slugs were injected with the relevant colour for each month. All slugs were subsequently replaced beneath the trap from which they had been removed. A different coloured elastomer was used in each primary sampling period and at each capture it was noted whether (1) the slug had been marked previously during the current period; (2) tags from previous periods were present and, if so, which colour(s); and (3) the slug was an adult or subadult specimen.
As there were only ten colours of elastomer available, data were collected for ten months of each year. No data were collected in February because slug numbers were likely to be small due to low temperatures and in April due to the absence of the recorders in this month in 2013. For consistency, these months were not surveyed in 2014 either.
Population-size estimation
The population sizes at each of the sites were estimated using the Jolly-Seber method (Supplementary Materials S3 and S4); this assumes an open population scenario in which the number of animals varies over time either through immigration, emigration, births or deaths (Krebs, 1999) . Other underlying assumptions of the model include: (1) marking of animals does not affect their survival or probability of capture; (2) marks are not lost between sampling periods and are recorded at each sampling event; (3) all animals (e.g. males and females or different life stages) have the same chance of getting caught and (4) there is no trap response.
Mc Donnell & Gormally (2011a) and Wallin & Latty (2008) found that the elastomer injection of nonanaesthetized slugs did not result in mortality or altered behaviour and injected animals also successfully oviposited. An increased risk of predation of marked slugs was deemed unlikely, as only the underside of the slug was marked (Supplementary Material S2). To test for equal catchability, the recapture rates of adults and subadults were compared. Recapture rates can also be used to estimate the trap response of the slugs, since high recapture rates indicate 'trap-happiness'. A goodness-of-fit test was calculated (Greenwood, 1996) to test the general suitability of our data to the Jolly-Seber model (Supplementary Material S5) . This tests whether the capture probability of animals that had never been captured is equal to the capture probability of animals that had been captured in a previous sample (Greenwood, 1996) .
Influence of weather conditions on capture success
To assess how rainfall and temperature influenced capture success, hourly data were obtained from the nearest Met Éireann (Irish National Meteorological Service) stations at Mace Head and Claremorris (www.met.ie). These are situated 32 km west and 45 km north of Cloosh Forest and data from both stations were combined and averaged for the analysis. The data recorded by the meteorological stations in the 24-h period prior to recording catches under traps were averaged and Spearman rank correlations were undertaken between these weather variables and trapping success.
Statistical analysis
Population-size estimates and associated tests were calculated using Microsoft Excel following formulae outlined by Krebs (1999) and Greenwood (1996) . All other analyses were carried out using SPSS v. 21. Non-normal data were transformed and parametric tests were used when possible. Since site P1 was sampled in a different year, it was not included in the statistical analysis with the other sites.
RESULTS
A total of 368 Geomalacus maculosus specimens were captured over the two sampling years with the greatest number (131) found at site P1 and the least (15) at site C2 (Table 2 ). In comparison, 86 Lehmannia marginata specimens were caught, with the most (40) at site P2 and the least (1) at site C2 (Table 2 ). Due to the low number of captures no Jolly-Seber population-size estimates could be calculated for L. marginata at sites P3 and C2. Capture success varied considerably during the year, with comparably low numbers caught from November to March at most sites. Significantly more G. maculosus than L. marginata were captured at sites P1, P3, C1 and C2 (Mann-Whitney U test, P = 0.005, P = 0.002, P < 0.001, P = 0.002, respectively).
The mean number of G. maculosus per m 2 was significantly greater at sites P2 and C1 compared with site C2 (Tukey's HSD, P < 0.05) (Fig. 2) and the Log 10 +1 transformed mean number of captured L. marginata per m 2 was significantly greater at site P2 compared with all other sites (Tukey's HSD, P < 0.01) and significantly greater at site C1 compared with sites P3 and C2 (Tukey's HSD, P < 0.05) (Fig. 2) . The largest number of G. maculosus and L. marginata specimens per m 2 was captured in August 2012 at site P1 (23.9 and 5.6 /m 2 , respectively; Fig. 3 ). Juvenile G. maculosus smaller than 0.5 cm were found during all months except September, with the largest number trapped in July 2013 when a maximum of 19 juveniles were captured on a single day. Abundances were also high in May and June of the same year when 13 and 14 juvenile slugs were captured on a single day, respectively, while only two individuals were trapped in November 2013. Generally fewer juveniles of L. marginata were captured, with a maximum of four on a single day in August 2012 and one or two in the remaining months, except for the period between November and March when no juveniles were found.
No significant difference was found between the capture probability of adults and subadults for either G. maculosus or L. marginata (Mann-Whitney U, P = 0.574 for both) and they were subsequently pooled for the calculation of the population-size estimates. The mean recapture rate of G. maculosus ranged from 39% at site C2 to 77% at site P1. The mean recapture rate for L. marginata was not significantly greater than that of G. maculosus (t-test, P = 0.071), ranging from 52% at site C1 to 82% at site P1 (Table 3) .
Jolly-Seber density estimates
The goodness-of-fit test for the Jolly-Seber method could only be carried out for 45% (G. maculosus) and 2.5% (L. marginata) of the sampling periods due to low captures. For the periods with sufficient captures, the Jolly-Seber model was found to be a good fit to the data obtained on 56% (G. maculosus) and on 100% (L. marginata) of sampling occasions (Supplementary Material S5). During these periods the greatest population density estimate using the JollySeber method for G. maculosus was 20.1 /m 2 in November 2013 (site P1) (Fig. 3) . Jolly-Seber estimates are only considered precise when the number of recaptured animals is more than ten (Greenwood, 1996) and, while this requirement was frequently met for G. maculosus, it was never met for L. marginata (Fig. 3) so the highest observed Jolly-Seber population density estimate of 5.3 /m 2 (August, site P1) need to be treated with caution.
Weather conditions and trapping success
The number of slugs captured per sampling day was positively correlated with the mean temperature during the 24-h period prior to sampling in sites P1, P3 and C1 for G. maculosus, while for L. marginata a positive correlation was found with mean temperature at site C1 (Table 4) . Rainfall was negatively correlated with the number of slugs captured in the plantation sites (P1-P3) for G. maculosus and for L. marginata at site P2 (Table 4 ). Too few G. maculosus were captured at site C2 and too few L. marginata at sites P3 and C2 to correlate their abundance with the weather data.
DISCUSSION
Population densities
The number of slugs captured per m 2 for both species was found to vary considerably between the five sites with the largest numbers captured at site P1 (Geomalacus maculosus) and site P2 (Lehmannia marginata) and the smallest numbers captured at sites P3 and C2 (both species). While the trees in the plantation sites were all planted in the 1960s, those at site P3 had a significantly lower CBH than those at site P2 (Tukey's HSD, P = 0.004), possibly due to poorer growth conditions connected with the close proximity of site P3 to a lake (Fig. 1B) . The epiphyte cover on the trunks was also found to be significantly lower at this site compared with site P2 (Mann-Whitney U, P = 0.014) and the depth of the epiphyte layer was significantly lower at site P3 compared with both sites P1 and P2 (Mann-Whitney U, P < 0.001). In a previous study (Reich et al., 2012) , G. maculosus abundance was found to be positively correlated with epiphyte cover of the trunk and CBH, which were found to be intercorrelated with more mature trees having a greater epiphyte cover. The lower abundance of both species at site P3 compared with sites P1 and P2 is likely connected to thickness and percentage cover of the epiphyte layer, which plays an important role for the slugs as it provides both shelter and food (Reich et al., 2012) . It could also be due to edge effects, as this site is located so close to the border of the forestry and the resulting elevated light levels (Supplementary Material S1) could lead to a quicker drying of the bark and bryophyte cover, which might make it less suitable.
The densities of both species were significantly greater at site C1 (partial clear-fell, i.e. retaining 3-m high stumps) compared with site C2 (conventional clear-fell). This could be due to a variety of factors, including the position of the trap on top of the stump at site C2 (as opposed to on the sides of the trunks in all other sites) which might not be utilized by the slugs, the time since the clear-felling operation or the difference in the felling method. The remaining large tree stumps in site C1 were still covered with epiphytes, which are likely to help retain the slugs at this site. Furthermore the comparably large numbers of slugs we encountered in this site indicate that, at least in the short term, this modification of a traditional clear-fell can offer suitable conditions for these species.
Geomalacus maculosus was consistently found in higher numbers than L. marginata in this study and this difference in abundance was significant for all sites except site P2. This could suggest that G. maculosus is better suited to the conditions within this plantation than L. marginata, in particular to the traditional clear-fell site where only one specimen of L. marginata was captured during the entire survey (as opposed to 15 G. maculosus). Another possibility is that G. maculosus responds better to the trapping method used, although results from other studies (Mc Donnell & Gormally, 2011a; Figure 2. Mean number of slugs captured per m 2 and standard errors for Geomalacus maculosus and Lehmannia marginata at each site (N = 10). Different letters (G. maculosus) and numbers (L. marginata) indicate sites where mean number of slugs per m 2 was significantly different. Site P1 was not compared with other sites as it was sampled in a different year. Figure 3 . Jolly-Seber population density estimates and count data for Geomalacus maculosus and Lehmannia marginata. Jolly-Seber estimates cannot be calculated for the first and final sampling periods, as data collected from both previous and following sampling period are needed.
# Samples with good fit of Jolly-Seber method; * Samples with good fit of Jolly-Seber method and more than ten recaptures. Results from sites P3 and C2 are not shown for L. marginata due to low capture numbers. Reich et al., 2012) , which show large numbers of L. marginata being captured using the same traps, suggest otherwise. The presence of G. maculosus juveniles in Cloosh Forest throughout most of the year may indicate that this species has a reproductive advantage over L. marginata, as the juveniles of the latter were only captured from May to September. South (1992) states that competition between slugs in the wild is generally rare, as even sympatric species still occupy slightly different niches and/or differ in their activity times or life cycles. However, Arion lusitanicus (now A. vulgaris) has been found to replace A. rufus in Austria (Fischer & Reischütz, 1998) and therefore it is possible that G. maculosus displaces L. marginata from sites. More replicates are needed across additional sites where both species are known to co-occur to elucidate the relationship between these two slug species.
Weather conditions and trapping success
Population densities for both species varied according to season, with the least number of slugs caught during the colder months (November until March) and the greatest numbers caught between August and October (Fig. 3) . Fluctuations in temperature are known to have a major effect on slug activity (South, 1992) , which is also reflected in our results: temperature was positively correlated with capture success for G. maculosus in both the clearfell and plantation sites (except P2) and at site C1 for L. marginata (Table 4) . Mc Donnell & Gormally (2011a) found no correlations between temperature and G. maculosus abundance at a number of forest and bog sites in counties Cork and Kerry. However, their studies were undertaken from August to October and not over a full year, so fluctuations in temperatures were unlikely to be at the scale observed in this study.
Capture success of G. maculosus was negatively correlated with rainfall in the plantation sites, while the capture success of L. marginata seemed to be less influenced by rainfall. According to Dainton (1989) and Barnes & Weil (1945) , slug activity is reduced during heavy rainfall and this probably affects slugs in open areas more than in forests. While Mc Donnell & Gormally (2011a) also observed a negative correlation of capture success with rainfall in forests, they found a positive correlation with trapping success and rainfall at a blanket-bog site. This suggests that in open areas G. maculosus uses the traps for shelter during periods of heavy rain, while in the more sheltered environment afforded by forests the species can remain active and continue foraging during such conditions. Therefore, future surveys with refuge traps in planted areas should take place during dry and warm weather to ensure maximum capture success, while in open areas trapping during periods of rain is recommended. Furthermore, the installation of data loggers for measuring temperature and humidity should be considered for future surveys, as these will provide a more accurate picture of the conditions in situ and consequently their likely relationship with trapping success.
Assessment of methodology
The repeated finding of some individuals below the traps, as observed previously for G. maculosus by Mc Donnell & Gormally (2011a), indicates a homing behaviour in both species, which leads the slugs to return to the same traps after foraging. An average of 9% G. maculosus and 15% of L. marginata that were marked in the first period were found below the traps in the final period (Supplementary Material S6) . Additionally, slugs captured in the final period were marked three (G. maculosus) and four (L. marginata) times on average and the maximum amount of different colour tags within one single specimen was nine (G. maculosus) and eight (L. marginata), indicating that some specimens were present within the same plot for several months. Furthermore, the observed high recapture rates, which can be used as a measure of dispersal and mortality (with higher recapture rates indicating low dispersal (17) 57 (7) 57 (14) 82 (11) 86 (28) 55 (31) 75 (8) 65 (20) 62 (13) P3 46 (13) 75 (4) n/a (0) n/a (0) 50 (2) 29 (14) 78 (9) 69 (13) 60 (5) C1 69 (29) 55 (20) 60 (5) 33 (3) 57 (14) 58 (19) 50 (28) 54 (26) 95 (19) C2 50 (2) 67 (3) 40 (5) 50 (2) n/a (0) 33 (3) n/a (0) 33 (3) 0 (1) L. marginata P2 56 (9) 67 (3) 67 (3) 67 (3) 60 (10) 50 (16) 100 (3) 78 (9) 82 (11) and/or low mortality and vice versa), also indicate that both species are likely to spend considerable time beneath the traps. This is supported by the Jolly-Seber goodness-of-fit test, which found that the capture probability of G. maculosus specimens that had been previously captured was larger than that of slugs that had never been captured. This could pose a problem for unbiased calculations of population density estimates using the Jolly-Seber method. The general low mobility of slugs and the elimination of juvenile slugs from the survey could also pose problems when applying an open population model that implies birth, death, immigration and emigration. However, there was a constant influx of unmarked individuals into the traps (Supplementary Material S6), suggesting that some slugs move between trees, as also supported by the findings of Mc Donnell & Gormally (2011a) . Limiting factors were the often small numbers of captures and recaptures, which is especially critical for the Jolly-Seber method, where the number of recaptures should be more than ten to produce reliable estimates (Greenwood, 1996) . While nine traps were adequate to achieve sufficient recaptures for G. maculosus at site P1, the numbers of recaptures for certain months at other sites were too small. With three or less recaptures on the majority of sampling occasions, it is estimated on the basis of this study (where nine traps were used) that 30 traps would have been needed at site P3 (the site with the fewest captures) to produce reliable estimates for the species. For L. marginata, 20 traps at sites P1 and P2 would likely have produced a sufficient number of recaptures (the mean number of recaptured slugs was 4.7 using nine traps; using 20 traps would by simple multiplication yield 10.4), while at site C1 recaptures were usually below three so more than 30 traps would have been necessary. For future studies we recommend the installation of 30 traps for a pre-survey the length of one secondary period, i.e. 5 days, to indicate how many traps should be used in that particular sitekeeping in mind that capture numbers will vary considerably depending on weather conditions. This should help to ensure reliable estimates on most sampling occasions during the survey period.
The visible-implant elastomers were a generally quick and easy method for marking both species. The dyes were long-lasting and animals marked in the first period retained the mark after one year. This long-term durability of the markers has since been confirmed from the field in a subsequent study conducted over 15 months (E. Johnston, personal communication) . This is in contrast to Wallin & Latty (2008) who found that the dyes had disappeared or were difficult to see after about 3 months. This could be due to Wallin & Latty (2008) injecting the tags into the outside edge of the foot rather than the underside. However, as the slugs usually ejected a certain amount of elastomer after the injection, it is recommended to check that the mark is still visible before returning specimens beneath the traps. Limits to the method are that only ten colours are available and that the orange, red and pink colours can easily be confused. While in our case it was possible to eliminate the misidentifications (about 5% of all marks) that occurred by comparing the marking history of the captured slugs, in a larger study this might not be feasible. Due to its lightcoloured sole, the colours were more easily identified in L. marginata, especially when compared with some woodland individuals of G. maculosus that can have tougher, darker and slightly 'grainy' soles. It is also advisable to have at least two different people to check all marks and then to compare their findings.
Conclusions
This study indicates that using visible-implant elastomers and De Sangosse refuge traps that are wrapped around the tree trunks is a suitable approach to estimate the population densities of G. maculosus and L. marginata in forest habitats, if comparative rather than exact densities are needed. The mark-recapture approach allows forestry managers to compare population densities of the species before and after management operations and the impact of these operations on resident populations can be estimated by observing the number of marked individuals that remain after forestry practices such as felling. When using the Jolly-Seber method, it should be kept in mind that the resulting population-size estimates are very likely underestimations of the actual population sizes, due to the trap-happiness of both species. However, traps could be removed from the trees after the final day of surveying in one primary period and put up again one week before surveying of the next primary period to reduce homing behaviour. The use of at least 30 trapping trees in a commercial conifer plantation is likely to provide sufficient numbers of captures to calculate reliable population density estimates even in sites with small slug populations. Since it can sometimes be difficult to separate orange, red and pink elastomers in the field, it is recommended to not use these three colours together in the same survey.
Capture success was significantly greater in warmer temperatures so future surveys should ideally take place between May and October when captures were found to be greatest. Surveying within the forest should be avoided during heavy rainfall as capture success was negatively correlated with rainfall.
In a wider context, it is hoped that this study will encourage the use of mark-recapture methods to make population estimates for other terrestrial mollusc species. This is particularly important given that over 20% of 1,138 terrestrial mollusc species in the EU alone are currently classified as threatened (IUCN Red List Status) and require further study to ensure their future survival.
SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Molluscan Studies online.
